. sels have been used in most experimental studies of induced pulmonary hypertension. If the pulmonary arteriolar bed of dogs demonstrates a maturation process similar to that found in humans, 1 -2 it is logical to assume that further investigation of pulmonary hypertension in much younger animals would more closely approximate the condition seen clinically in humans. 3 There are, however, few reported histologic observations which clearly differentiate the immature from the mature pulmonary vasculature in dogs. In preparation for future studies in experimental pulmonary hypertension, therefore, the progressive histologic changes occurring in lungs of puppies, 1 to 90 days of age, have been studied and correlated with the changes in pulmonary arterial and systemic arterial pressures. The purpose of this study was to establish at what age in puppies the pulmonary vessels were still immature and yet would permit a major operative procedure without prohibitive mortality.
Methods Sixty-one mongrel puppies, 1 day to 13 weeks old and weighing 150 to 5,000 Gin., were premedicated with atropine sulfate and anesthetized with an intravenous injection of thiopental sodium. An intratracheal tube of polyethylene or Tygon tubing was inserted, and respiration was maintained by intermittent positive pressure. Additional doses of an anesthetic agent were given as needed during the procedure. Untyped eitrated whole dog blood was used for replacement therapy. Polyethylene catheters were inserted into the aorta via the femoral artery and into the vena cava via the femoral vein for pressure measurements and intravenous fluid and blood replacement. In each experiment a thoracotomy was performed through the left fourth intercostal space, and the pericardial sac was opened. Right ventricular, pulmonary arterial, and left atrial pressures were measured by direct puncture with no. 20 hypodermic needles attached to Statham and Sanborn pressure transducers, a Sanborn poly-viso preamplifier and a direct writer recording system. Femoral arterial pressures and electrocardiograms were recorded throughout each experiment. Right ventricular and left atrial pressures were measured intermittently, but each was recorded simultaneously with the pressure in the main pulmonary artery. The lungs were biopsied just prior to sacrifice. The heart was examined for anomalies, and the ductus arteriosus was examined for patency.
Lung specimens, measuring 1 X, 1 X 2 cm. to 2 x 2 x 3 cm., were obtained from the left upper lobes of older puppies. The entire left upper lobe was removed in very young puppies in order to obtain sufficient histologie material. Lung specimens were routinely fixed in 20 per cent formalin and embedded in paraffin. Sections of each specimen were stained with Ehrlich's acid alum hemotoxylin and acid aqueous eosin. Corresponding sections were stained with Verhoeff's elastic tissue stain and counterstained with van Gieson connective tissue stain.
To insure objective evaluation of the histologic material, all slides were read as unknowns by one observer using a calibrated micrometer ocular. The luminal diameters and the combined thickness of media and intima of small muscular arteries and arterioles, measuring 50 to 200 fx, were determined in at least 5 vessels in each specimen and the lumen to wall ratios (L/W) calculated. The average of these determinations was the L/W ratio for that specimen.
Results Histologic Data-L/W Ratios The average L/W ratios were plotted against age of the puppies in days ( fig. 1 ). With aging there was a gradual increase in the relative luminal diameters of small muscular arteries and arterioles. The lowest aver- age ratio (.1.2) was found in a 2-day-old dog, the highest (9.9) in a 52-day-old dog. With aging there also seemed to be an increase in the scatter of results, which was roughly proportional to age. In most biopsies there was close agreement of the L/W determinations for all vessels within that specimen. The standard deviation among vessels in the same section was approximately 1.4 in all age groups. When lung biopsies from litter mates at the same age were compared, it was found that the variation of the L/W ratios for puppies in the same litter was about the same as that among puppies from different litters.
To test the reproducibility of the technic used to measure L/W ratios, 3 independent determinations of the average ratios were made on each of 14 histologic preparations selected at random. The standard deviation of repeated average L/W determinations in the same slide was 0.4.
The L/W ratios in all lungs of animals less than 1 day of age were found to be below 4.0 ( fig. 2 ). This value was therefore chosen as the boundary between neonatal aud adult type vasculatures. By 1 month the average L/W ratio had increased, but in all animals less than 1 month of age, the ratios were still below 4.0. Between the ages of 1 and 2 months, 24 per cent of the puppies had ratios below 4.0. Above 2 months of age all animals had L/W ratios above 4.0 ( fig. 3 ).
Pulmonary Arterial Pressures
The average mean pulmonary arterial pressures in puppies of different ages are seen in Although the pressures were elevated in puppies 1 to 3 days old, the average mean pressure 1-to 2-week-old puppies was within the adult range. The pulmonary arterial pressures were also expressed as percentages of the simultaneously recorded systemic pressure, and the results are summarized in table 2. The percentage relationship of pulmonary arterial pressures to systemic arterial pressures demonstrated a more gradual decline than pulmonary arterial pressures alone and did not consistently approach the adult level until the age of 4 weeks.
In 4 one-day-old puppies the ductus arteriosus was patent at autopsy. The ductus was anatomically patent in 4 three-day-old puppies, but occlusion of the ductus at the time of surgery caused no perceptible change in pulmonary arterial or aortic pressure. In 1-week-old puppies the ductus was anatomically occluded. No anomalous shunts were found at autopsj 7 .
Most of the animals were sacrificed immediately after pressure measurements and lung biopsies. In the course of this study, however, 12 puppies 3 to 5 weeks of age underwent additional surgery (brachiocephalic-pulmonary artery anastomosis). Five of these animals died in the immediate postoperative period; 7 puppies were returned to their mothers and survived to be studied and sacrificed 2 to 22 weeks later.
Discussion There have been few histologic descriptions of noimal pulmonary vasculature in young puppies. Campbell 4 described an abundant "medial mass" in the pulmonary arterioles of newborn puppies. Ferguson 5 studied lungs in puppies 3 to 4 months of age and, in pulmonary arterioles and muscular arteiies measuring 51 to 140 IX, found mean L/W ratios of 6.0 to 9.0. Campbell' 1 found that there was a decrease in medial thickness "readily apparent at 5 days." Fe:guson G stated that the medial hypertrophy of pulmonary arterioles found at birth ''disappeared completely within 2 months.'' Neither Ferguson nor Campbell, however, presented comparative L/W ratios at varying ages. The abrupt change in medial mass at 5 days described by Campbell was not observed in 10 animals studied within the first week of life in this series. Rather, the results of this study would indicate that the regression is a gradual evolutional y process similar to that described by Civin and Dammann in humans.
It Avas interesting to note that the maturation of pulmonary vessels was not litter-spe- cific. The progressive vascular alterations in separate litters conformed to the progression seen in the entire colony. Therefore, it seemed justifiable to compare the degree of vascular maturation iu one litter with that in other litters. Normally, at birth there is a sudden decline in pulmonary arterial pressure and pulmonary vascular resistance with the onset of respiration as shown by Hamilton, 7 Ardran, 8 Dawes" and Reynolds. 10 It has been demonstrated by Ardran 8 and Barclay 11 that there is prompt functional closure of the ductus arteriosus folloAving the onset of respirations, even though it can be demonstrated that anatomic patency of the ductus persists for some time. The above-mentioned studies pertain to the acute hemodynamic changes which occur within minutes of birth. Campbell 4 has presented evidence that there is a secondary and more gradual decrease in the pulmonary arterial pressures and pulmonary vascular resistance during the first 3 weeks of life. In 5 newborn puppies he reported elevated right ventricular systolic pressures which were 60 to 95 per cent of the systemic systolic pressures. The right ventricular pressures had declined to almost adult levels by 1 week, while the sys- temic pressures gained adult levels at 3 Aveeks.
The results of this study are confirmatory. There was a rapid drop of the mean pulmonary arterial pressures to near adult levels within 1 week but a gradual decrease in the ratio of pulmonary to systemic arterial pressure to adult levels during the first 4 weeks of life. On the basis of the work of Ardran 8 and Barclay, 11 gradual occlusion of the ductus could not account for the gradual decline in relative pulmonary hypertension. Although no attempts were made to measure absolute pulmonary vascular resistance, this phenomenon accompanied the gradual expansion of the pulmona v y arterio-arteriolar bed measured by average L/W ratios. The fact that the average ratios and the pressure relationships both assumed adult levels at age 1 month suggested that the gradual decline in relative pulmonary arterial pressure was a result of the decrease in vascular resistance which accompanied the maturation of small pulmonary arteries.
The original purpose of this study was to seek an experimental animal with immature pulmonary vasculature in which to produce pulmonary hypertension. It has been demonstrated that 1-month-old mongrel puppies have retained the dimensional features of neonatal pulmonary vasculature and have tolerated major surgery with a good chance of survival. Further studies have been initiated to test whether brachiocephalic-pul-PHILLIPS, D E W E E S E , MANNING, MAHONEY inonary arterial shunts in puppies with neonatal pulmonary arterial beds will, in fact, yield hypertensive pulmonary vascular disease similar to that in humans.
Summary
The histologic pulmonary vascular changes and the pulmonary arterial pressure changes which occur during the first 13 weeks of life have been studied in mongrel puppies. The histologic changes were based on measurements of the average lumen to wall ratios of arterial vessels 50 to 200 /x in diameter. The pulmonary arterial pressure changes were recorded by direct needle puncture of the main pulmonary artery in anesthetized thoracotomized animals. The average L/W ratios of all neonatal mongrel puppies from separate littex'S were less than 4.0, the boundary chosen to distinguish neonatal and adult pulmonary arterial vasculature. All puppies younger than 1 month had average L/W ratios below 4.0. Although average mean pulmonary arterial pressures were found to be near adult levels by age 1 week, the ratio of pulmonary to systemic arterial pressure, expressed as a percentage, did not consistently approach adult levels until 1 month of age. The dimensional evolution of small pulmonary arteries and the gradual decline in the ratio of pulmonary to systemic pressure toward near adult levels at 4 weeks suggested a cause-and-effect relationship between these 2 phenomena. Major operative procedures have been performed on puppies 3 to 5 weeks of age with survival. It is proposed that experimental pulmonary hypertension produced in 4-week-old mongrel puppies would closely approximate the situation of a high pressure congenital cardiac shunt in humans without excessive operative mortality.
Summario in Interlingua
Le altcratioiios liistologie pulmono-vascular e lo nlterationes del tension pulmono-arterial que occurre durnnte lc prime 13 scptimanas del vita esseva studiate in juvenes canin sin racia. Le alterationes histologic essova appreliendite per mesurationes del proportion inter luminc e pariete in vasos arterial con diametros de inter 50 e 200 M. Le alterationes del tension pulmono-arterial esseva registrate per acupunctura directe del arteria pulmonar principal in thoracotomisate animates in stato anesthesiate. Le valores medie del proportion inter lumine e pariete pro omne le canes neonate ab diverse portatas esseva infra 4,0. Iste valor esseva eligite como vnlor-limine in le transition ab un vasculatura pulmono-arterial neonatal a un tal adulte. In omne le canes de etates de minus que 1 mense, le valor medie del proportion inter lumino e pariete esseva infra 4,0. Ben que le valoros medic del tension pulmono-arterial esseva in le vicinitate del valores adulte ante que le aniniales comeneiava le seeunde septimana de lor vitas, le proportion inter le tension pulmono-arterial e le tension sj'stemico-arterial (expriinite como procentage) non approchava uniformemente le nivello adulte ante le fin del prime mense. Le evolution dimensional de micre arterias pulmonar e le declino gradual in le proportion inter lo tension pulmonar e le tension systemic verso le nivello adulte al fin del prime 4 septimanas del vita suggere le existentia de un relation de causa e effecto inter le duo mentionate plienomenos. Major interventiones chirurgic esseva effectuate in juvenes canin de etates de inter 3 e 5 septimanas con le superviventia del subjecto. Es opinate que pulmono-hypertension experimental producitc in juvenes canin sin racia de 4 septimanas do etate simularea multo proximomente le situation de un congenite shunting cardiac a alte pression in humanos. Tal experiments non resultarea in excessive perditas per mortalitate operatori.
